Background
Materials and Methods
We used capture sequencing of 545 genes to identify somatic alternations in primary tumor tissues of the six CRC patients who underwent radical surgery and in 23 plasma samples collected at serial time points. We compared the mutation patterns and variant allele frequencies (VAFs) between the matched tissue and the plasma samples and evaluated the potential advantage of using ctDNA as a better tumor load indicator to detect disease relapse over carcinoembryonic antigen (CEA), cancer antigen (CA) 19-9 and imaging studies.
Results
We identified low-frequency mutations with a mean VAF of 0.88% (corresponding to a mean tumor burden of 0.20ng/mL) in the preoperative plasmas of four patients with locally advanced CRC and a subset of mutations shared by their primary tumors. The tumor loads appeared a sudden decrease upon surgery or other adjuvant treatments and then generally maintained at low levels (0.092ng/mL) until disease recurred. ctDNA increased by 13-fold when disease relapsed in one patient while the CEA and CA 19-9 levels remained normal. In this patient, all six somatic mutations identified in the preoperative plasma were detected in the recrudescent plasma again, with five mutations showing allele fraction increase.
Introduction
With improvements in care in recent decades and the introduction of multidisciplinary treatment, the oncological outcome of colorectal cancer has greatly improved. However, in spite of curatively intended treatment, 30%-40% of these patients will experience recurrence of the disease [1] , with postoperative recurrence, and especially widespread metastasis, being the main cause of cancer-related death. According to the literature, about 80% of recurrences after resection of CRC occur within the first two years after surgery [2, 3] . Early disease relapse occurs mainly because the surgical resection was not radical, or unidentified metastasis already existed at the time of surgery. Therefore, the measurement and monitoring of tumor burden is very important during cancer treatment. It informs about radicality of the primary resection and response to adjuvant therapies, and enables proper selection and management of therapeutics and early detection of disease recurrence. Currently, tumor burden is traditionally assessed using circulating biomarkers, including carcinoembryonic antigen (CEA), cancer antigen 19-9 (CA 19-9), and imaging studies, including contrast-enhanced computed tomography (CT) and magnetic resonance imaging (MRI). However, these conventional methods are limited due to their low sensitivity and specificity [4] [5] [6] [7] . Consequently, there is a need for better biomarkers for tumor burden measurements.
It has been well recognized that solid tumors, including CRCs, release DNA fragments into the blood, and circulating DNA fragments carrying tumor-specific genetic mutations can be found in patient plasma [8] [9] [10] [11] [12] . Recent sequencing studies have shown that virtually all CRCs harbor somatic genetic alterations [13] . Next-generation sequencing (NGS) enables rapid identification of somatic genomic alterations in individual tumors. Further, it enables detection and quantification of these personalized tumor-specific ctDNA fragments in peripheral blood samples, providing a noninvasive method for tumor burden monitoring with very high specificity [9, [14] [15] [16] [17] .
Until now, ctDNA has not been extensively investigated or compared with other biomarkers of CRC, and it is not clear how relapse affects the ctDNA level. In the present study, we provided a clinical observation to determine the value of ctDNA in the measurement of tumor burden during the course of treatment of CRCs.
Materials and Methods

Patients and sample collection
This observational study recruited six patients with primary CRC without distant metastasis who underwent radical resection in our tertiary care center from July 14th, 2011 to August 25th, 2011. Four patients pathologically confirmed as stage III underwent postoperative adjuvant chemotherapy (including one patient with rectal cancer undergoing postoperative concomitant chemoradiotherapy). All patients were regularly followed-up at the out-patient clinic every three months within two years after the surgery and every six months two to five years postoperatively. Tumor tissues were collected during surgery. Blood samples were collected from patients one week before and one month after surgery, and at the routine follow-up visits. The investigators had access to identifying information during and after the data collection. The study was approved by the Ethics Committee of Peking Union Medical College Hospital. All participants provided written informed consent.
Sample processing and DNA extraction
Tumor DNA was isolated from surgically resected CRC specimens. Matched peripheral blood was collected in EDTA Vacutainer tubes (BD Diagnostics, Franklin Lakes, NJ, USA) and processed within 3 h. Plasma was separated by centrifugation at 2,500 g for 10 min, transferred to microcentrifuge tubes, and centrifuged at 16,000 g for 10 min to remove remaining cell debris. Peripheral blood lymphocytes (PBLs) from the first centrifugation were used for the extraction of germline genomic DNA. PBL DNA and tumor tissue DNA were extracted using the DNeasy Blood & Tissue Kit (Qiagen, Hilden, Germany). Extracellular (cell-free, cf) circulating DNA was isolated from 0.6-1.8 mL plasma using QIAamp Circulating Nucleic Acid Kit (Qiagen). DNA concentration was measured using a Qubit fluorometer (Invitrogen, Carlsbad, CA USA) and the Qubit dsDNA HS (High Sensitivity) Assay Kit. The size distribution of the cfDNA was assessed using an Agilent 2100 BioAnalyzer and the DNA HS kit (Agilent Technologies, Santa Clara, CA, USA).
Sequencing library construction and target enrichment
Before library construction, 1 μg each of tissue and PBL DNA was sheared to 300-bp fragments with a Covaris S2 ultrasonicator. Indexed Illumina NGS libraries were prepared from tissue, and PBL germline and circulating DNA libraries were prepared using the KAPA Library Preparation Kit (Kapa Biosystems, Wilmington, MA, USA).
Target enrichment was performed with a custom SeqCap EZ Library (Roche NimbleGen, Madison, WI, USA). To explore the comprehensive genetic properties of CRC, the capture probe was designed based on genomic regions of 545 genes most frequently mutated in CRC and other common solid tumors. Genes and coordinates of selected regions are provided in Table A in S1 File. Capture hybridization was carried out according to the manufacturer's protocol. Following hybrid selection, the captured DNA fragments were amplified and then pooled to generate several multiplex libraries.
NGS sequencing
Sequencing was carried out using Illumina 2×100 bp paired-end reads on an Illumina HiSeq 2500 instrument according to the manufacturer's recommendations using TruSeq PE Cluster Generation Kit v3 and the TruSeq SBS Kit v3(Illumina, San Diego, CA, USA).
Sequence data analysis
After removal of terminal adaptor sequences and low-quality data, reads were mapped to the reference human genome and aligned as described previously [18] . GATK (https://www. broadinstitute.org/gatk/, The Genome Analysis Toolkit) and MuTect [19] were employed to call somatic small insertions and deletions (indels) and single nucleotide variants (SNVs) by filtering PBL sequencing data. Contra was used to detect copy number variations [20] , and BreakDancer was used to detect cancer-associated structure variations [21] . The final candidate variants were manually verified with the integrative genomics viewer (IGV) brower [22] .
Tumor load analysis
To quantify tumor burden using plasma DNA, nonsynonymous mutations were used as genomic markers. Variant allele frequencies (VAFs) of SNVs and small indels were assessed using the output of SAMtools mpileup. These genomic markers included mutations detected in plasma samples and derived from matched tissue (VAF = 0 when absent in plasma). Absolute ctDNA content in 1 mL plasma was calculated by ctDNA mean fraction multipling cfDNA concentrations.
Results
Patient clinical characteristics
All six patients (four females and two males) were diagnosed with primary colorectal carcinoma by pathological examination. Their ages ranged from 57 to 75 years with a median age of 64 years. All patients underwent radical resection of the tumor as the initial treatment. Table B in S1 File.
Somatic mutations in tissue
DNA extracted from the surgical tumor tissue was analyzed by capture sequencing to identify somatic genomic alterations. Median sequence coverage of 500× was obtained across all tissue samples, with >99% of the target region covered at 20× (Table C in S1 File). Overall, the number of nonsynonymous mutations detected in tissues ranged from 6 to 45 (S1 Fig), with a mean of 16, including SNVs (89%) and small indels (11%; Table C in S1 File). We found that, among the SNVs, C>A/G>T transversions occur most frequently (N = 35, 47%), as shown in S2 Notably, different driver genes were detected in the six patients, revealing inter-individual tumor genetic heterogeneity (Table D in S1 File). For example, TP53 (p.[R175H]) was identified, with VAF of 53% in patient (P)1, whereas KRAS was identified in P3 (p. [G12D] ; VAF, 39%) and P5 (p.
[G12V]; VAF,~35%). Only the APC mutation occurred frequently (in 5/6 patients); most genes were not shared among all patients.
Somatic mutations in ctDNA
Then, to monitor ctDNA levels in plasma, peripheral blood of six patients was sampled at serial time points (Table E in S1 File). Targeted capture sequencing of a total of 23 samples yielded average read depth ranging from 308× to 1436×, with the median capture efficiency of 23% (Table F in S1 File). Unfortunately, no mutation was detected in the preoperative plasma of P1 and P2, suggesting the low level of ctDNA in blood of early-stage patients. Of the other preoperative plasma samples, three were observed to share the same mutations with matched tumor tissue. Proportions of these tissue-validated mutations in corresponding preoperative blood results were 50%, 83% and 90%, respectively (Fig 1, Table G in S1 File), indicating that ctDNA may contain additional genetic aberrations that had not been captured by the single biopsy tissues obtained at single time points. In the postoperative serial plasma samples, a total of 23 mutations (VAF range, 0.43% to 3.90%) within 19 genes were detected, including 17 SNVs and 6 InDels. Among these SNVs, C>A/G>T transversions (N = 13) showed an overwhelming advantage, which was consistent with the mutation spectrum of the tumor tissues.
Tumor load
Choosing nonsynonymous somatic SNVs and indels as molecular markers, and clustering of the sets of all tissue-derived mutations and those verified in plasma, the ctDNA fraction at each time point was analyzed based on the average VAF, with mean value of 0.587% in preoperative samples, and 0.133% in postoperative samples. Correspondingly, the mean absolute ctDNA concentration was calculated to be 0.163 and 0.038 ng/mL in pre-and post-surgery samples, respectively (Table H in S1 File).
Postoperative monitoring using ctDNA
To determine whether ctDNA could reflect disease progression, we analyzed tumor burden in serial blood samples of all patients. Tumor burden generally decreased after resection. For patients without relapse, ctDNA was maintained at a stable low level upon intervention with chemotherapy as well as during the follow-up period.
Finally, we compared levels of CEA, CA 19-9, and ctDNA in 4 late-stage patients. CEA and CA 19-9 isolated from pre-operative plasma of patient 3 and patient 4 did not indicate abnormal values (patient 3: CEA = 3.48 μg/L and CA 19-9 = 8.6 kU/L; in patient 4: CEA = 3.72 μg/L and CA 19-9 = 16 kU/L), but ctDNA level was high, along with levels of several mutated driver genes (Table G in S1 File). Interestingly, for patient 4, the only patient experiencing relapse, consistent with the results of colonoscopy and CT scan, ctDNA increased 13-fold 18 months post-surgery (Fig 2) , when levels of CEA and CA 19-9 did not reflect relapse (CEA = 3.8, CA 19-9 = 18.7). Surprisingly, when the tumor was found to recur, mutations in plasma ctDNA were highly consistent with those present in preoperative plasma. Plasma of the relapsing patient harbored all six (100%) somatic mutations seen in the preoperative plasma, of which five were tumor-derived. As shown in Fig 3, a higher VAF was found for these mutations, with the exception of TP53.
Discussion
Similar to previous reports [23, 24] , our study described the molecular genetic characteristics of CRC. For example, CRC was associated with mutations in a limited number of driver genes, prominently APC, KRAS, and TP53 [25] . Our results showed that the C>T transition occurred frequently in CRC. This dominant transition was also observed in lung cancer, while not in breast cancer, which may due to the differences in mutagen exposure or DNA-repair processes among cancers [26] . Furthermore, our results suggest that mutations in preoperative plasma and matched tissue differed as a result of spatial intratumor heterogeneity [27] . This heterogeneity could also be responsible for the differences observed between the tumor tissue DNA and the postoperative ctDNA which originated from the residual tumor or metastatic foci. ctDNA analysis using the next generation sequencing has been demonstrated feasible on the basis of previous researches [11, [28] [29] [30] [31] . Some important discoveries have also been reported recently, such as the application of ctDNA analysis for successfully evaluating the early therapeutic response during the treatment of CRC [31] and monitoring the metastatic breast cancer [28] . However, there are still some biological and technological challenges to be conquered for its better application. Firstly, the level of detectable ctDNA fraction varied with tumor type, and that would decrease the sensitivity of this method [14] . Secondly, ctDNA level in peripheral blood changes with disease stage. Patients at higher stages might be identified to carry more variations or an equivalent number of variations while with higher VAF, and these patients would benefit more from this method [32] . This might explain why not all preoperative plasma harbored tumor-derived mutations. On the other hand, the sequencing error rate of~1% limited the specificity of identifying the low-frequency true mutations [33] . However, with the progression of experimental and analytic methods, errors being introduced during the sample preparation and sequencing have been greatly reduced [34] .
Many previous studies reported that one or more mutations in plasma ctDNA changed dynamically along tumor progression [11, 28] . However, different mutations sometimes show different trend of variation while disease progresses, which would confound the accurate interpretation of the data. Newman et al introduced a simple new strategy that uses tumor-derived mutations as reporters to evaluate the tumor load of non-small cell lung cancer patients, and their results were consistent with those of CT scan [35] . Taking tumor heterogeneity into consideration, our study described a new strategy of combining tumor-derived and de novo mutations in plasma ctDNA to assess the postoperative tumor burden. As the results showed, indicators of recurrence were clearly observed in both ctDNA and imaging data, but not in levels of CEA and CA 19-9, due to the lower sensitivity of the assays for these markers [11, 36, 37] . To our knowledge, this study is the first to report the reappearance of multiple tumorderived mutations in a relapsing CRC patient, with higher VAF than observed in the plasma ctDNA before surgery. Because tumor progression was accompanied with accumulation of mutations [38] , a prominent increase in ctDNA level could be observed earlier than the positive imaging results to indicate disease relapse. Limited in the number of patients and the sensitivity of NGS for detecting mutations in early-stage diseases, we could not analyze the efficacy of this method in this population. However, our study provides evidence that the application of capture sequencing of ctDNA for evaluating the postoperative tumor load should take heterogeneity into consideration, and this may provide a powerful strategy for tracking the progression of both primary and metastatic diseases.
Conclusions
In this study, we analyzed the molecular genetic characteristics of CRC and described a multitime-point profile of ctDNA of CRC patients during the course of clinical multimodality treatment. Generally we observed a good correlation of ctDNA level of the patients with their clinical disease status. We therefore proposed the potential of using a new strategy by analyzing the heterogeneous ctDNA to evaluate and monitor the tumor burden of CRC in clinical practice, which may potentially provide better sensitivity and specificity than the traditionally used biomarkers.
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